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Long Enduranc: Underwaier Power System Quarterly Report

Aquanautics Corporation July, 1989 through September, 1989

1. EXECUTIVE SUMMARY
L urng the last quarter, work was mainly camried out in five areas:

i Power Source Concepts

2. fower Source Experimentations

s (pumization of the ALWATT Batteries
4. Camer

5. Gill

In cooperation with persoancl from Alupower inc., we have investigated various options to
generate power using aluminum as fuel and gill technology to extract oxygen. The
advuntages and diadvantages of a few of the ~puons were looked into and the energy
densities were célculated. The power source scheme, ALWATT-CFFC, under
development by Agianautics can enhance the energy density of ALWATT, an aluminum-
seawater battery. to 400G Wh/1 from approximately 2000 Wh/l. This is accomplished by
oxidizing Hy generated from ALWATT in a fuel cell with dissolvad oxygen from seawater
transported by Aquanautics’ propnietary camer.

In another scheme. the AL-Carner battery, aluminum is oxidized directly in a battery with
the oxygenated camier. This system is simpler and the energy density could stili be higher
than the ALWATT-CFFC. But this system has not been developed to any extent. Itisto
be noted tha all these energy density figures are calculated with major assumptions about
performance of ~he systems. In the last guarter a considerable amount of work was camiad
out 1n a CFFC and efficiency has been iinprevad to 28% from 18%. Stability of the
performance viall be checked in the next quarter. Some expenments on the AL -camer
showed feasithihity although the long-term performance has not been established yet.

The ALWATT battr.ry which produces hydrogen has been opumized 1o yield an energy
density of about 2000 Whi

Longevity studies with camers showed that the hifeume of camer 72 was related to the
concentration of free oxvgen dissolved in the camier. The bourd oxygen is not responsibie
for the degradanon. Since the free oxygen concentraiton cannot be higher than that in
scawater for the gull, the implication is therefore that underwater operation favoes the camier
hifeume.

Two membrane cartnidges {out of eight ordered) were obtained frosm AMT and were tested.
The cartndges leaked and therefore the results obtained were not rehable. They will be
repaired and re-tested. In the meantsme, the otner cartndges have wcen procured and will
be tested this quarnter -

"“!m._ f;
l-//f

‘
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Lorg Endurance Underwater Power System Quarterly Repornt

2. POWER SOURCE COMPARISONS
2.1 Summary
In this section four possible power sousce designs utilizing aluminum as fusl are daceribad

Their projected volumetric energy densities were calculated to be about 5 to 10 times that of
the lithium thionyl chlonide battery. These are tabulated below:

Comments Regarding
System Wh1  Whvkg System Components
Lithium Thionvl Chlende (L1-$SOCiz) Battery 430 330  no moving pants
Aluminum Seawater (ALWATT) Battery 2360 1000  no moving pans
Aluminum Dissolved Oxygen (AL-DOS) Battery 2900 1400  seawater pump
Aluminum Carner (AL-Camier) Battery 4600 2200  seawater pump
camer pump and gill

IAlwan Carmier Feed Fuel Cell (ALWATT-CFFC) 3800 1900  same as AL-Cammer
plus fuel ceil

Svstem Major Assumptions
Al-DOS 37% power efficiency and 30% power
consumpiion by seawater pump
AL-Carrier 47% efficiency
ALWATT-CFFC 57% fuel cell efficiency

These calculations were camied out by Alupower ankl Aquanautics persoanel. Aluminum
utthzation efficiency in the four schemes 1s taken o be 80‘&

1.2 Intreduction

Developing 2 mgh energy deasity electrochenucal power souice for underwater use
requires the following conssderzuons:

13 Energy of reaction

2} Reactants to be camad

3} Ancillary components w be camed
4) Depth

) Temperature

6} Reliability of the system

7y Endurance reguired

The following discussion is related to a long endurance {1 - § years), 5 - 100 W net autpat
system. For land use one would use a small digsel engine with an ovccasional i up of fuel
or if cost is of no concem, one would perhaps use the ithism thiony! chlonde battery. The
hthiumn thionyl chlonde (Li-SOChy) 4mzcny 15 one of the most powerful prumary batsery

Page 2
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systems (see Figure 2 1) with energy densities of 1000 Wh/l and 500 Wh/kg?! . Another
alternative is to use a SPE tuel cell with methanol reformer or metal hydnde as a fuel
source. Reference ! also deals with such options (p. 42.1 - 42.17). The other altemnative
15 the metal air bartery. In this case. electiolvie and/or metal must be replaced regularly to
ensure a practical svstera. For long endurance, the fuel c¢ll becomes a very viable system
(see Figure 2.2).

On land. the use of a fuel cell has its advantages as the oxidant, O;. 1s plentiful 1n air and
one would onlyv need to carry fuel Under water. this advantage car only be retained if
there 15 an efficient process Yor harnessing oygen from seawater. The .Aguanautics gill
technology deve'opment 18 an attemnpt in this direction. Because of the presence of
seawater. a conducting electrolyte. ther. are other possible options.

2.3 Options

A power source evolution route started with the Li-SOCI?2 (best prumary battery) and ended
with the ALWATT-CFFC or AL-Camier battery as shown in Figure 2.3, The svstems at
the end have approximately 10 umes more energy density than the Li-SOCl banery.

The five systems that are to be considered are:

Ay Lithizm Thionvi Chlonde Banery

By Alurminum-Dissoived Gxygen System (AL-DOS)
Ct  Alumunum-Seawater Batery (ALWATTD

Dy Camer Fead Fuel Cell (CFFC)

E)  Alumunum Camier Battery (AL-Camer)

From these, the hithium thionyl chlonde battery and the Alwat are commeercially available,
perhaps not at the energy density level as given in Figure 2.3 Interested readers are
requested to consult published luerature or contact the manufacturers {e.g.. Alts, San
Jose. CA and Homevwell for the L1-SOCT; and Alupower, Warren. NJ for the Alwatt
batteries)

AL-DOS System
In this system. dissolved oxvgen in seawater takes pant directly in the alectrochemuca!

provess  Scawater 1s pumped through the cell housing which constitutes an oxygen-
reduction cathode and alumunum anode  The reactions are as follows

2AL > 2A0 + 6

3
507+ 30 + 6¢ > OHY

; .
2A« 5O « 3HXO > 2AHOH )

The thermadyvnanic e m{ of the ahove reaction 152 7 Vobut en OCV of 14V 1s nonmually
observed and on load. the voltage further drops down

41 Handbook of Banenes and Fuel Cells. o4 Davad Liaden, McGraw Hill, N Y | 1984, pp 11-39
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The main disadvuntage of this battery is that seawater needs to be pumped through the cell
housing (see Figure 2 4). The seawater pump would need about 30% of the power
generated accordiag te our estimation. Depending upon the cathode structure, the system
may be prone to clogging due to geological fouling and also the hydroxide formation of
calcium, magnesium etc on the cathode. Shunt current protections for higher terminal
voltage would also be more difficult with this systein, as one has to deal with high scawater

flow through the battery.
400
L/SOC,
/
300 < \4
Li’SO,
£ .
2 200
g y
©
&
L 4
£ Znitg0
100 Mg/MnD, and 3= F—
Znfatkahne/Mn0),
/E:;:u?m\\
It.ea{! il
h,-———"‘*'f 4 Ki-Cd
-40 ~g% 0 20 40 60

- LN
TeNpelasur., L

Eftect of tempeiature on gravimetnc energy deasity of por-
mary and sccondary cells. Based on D wize cells.

Figure 2.1
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With the high oxygen coacentraiion in seawater this system looks very attractive as the
amount of seawater to be pumped decreases proportionately  The main advantage is that it
15 simpler than any of the following processes. It aiso does not entail any uncertainty of
OXygen camrT deveiopment.

CFFC

The camner feed fuel cell 1s a process being developed by Aquanautics and has been
ciaboraied upon 1n previous Guarierly repaxts

AL-Carrier

This scheme is similar to AL-DOS except that the oxygen 1s camied into the cell by oxygen
carner. Oxygen carier 1in tun is supplied with oxygen from seawater through the gill
membrane. The advantage of this process is that the oxygen camier can ransport oxygen in
a much morz concentrated form, so the flow through the cell couid be reduced accordingly
Gill design and cell design can therefors be independently optimized to obtain minimum
power loss.

There can be two verstons of AL-Camer: direct (Figure 2.51 a3 isolated (Figure 2 6) In
the AL-Canier direct method, oxvgenated carmer comes directly 1n contact with the
cathade. Oxygen raduction produces OH- toa and the pH of the camer nses. On the anode
side. seawater is the electrolvte which neads to be flown to flush out AKOH)3 formed

increass ' the cathode pH wili reduce the available voitage by 60 mV for each pH unnt

The requirement that seawater and carrier do noZ come in contact wath each seher k2ads w0
the use of the solid anion-exchange membvane At Aguznausics, there has been some work
carnied out and it has been determuined thatpH nses o 12.4- 127

In the indrect methad, the camer does not touch the cathode and, 1n T80t It woms w5 § true
oxygen transpotter  Camer goes through the cathode separated by sohid membrane The
form of solid membrane could be hollow fiker through which camer flows  This makes
the cathode volume large but has the advantage that cxner selecuion is independat of
clectrochemustry. In the following discussion tiis methad 18 ignored 1 favor of the direct
method.

2.4 Detailed Eusergy Density Cslculations

Thus section descnibes the calculauons which are camed out to obtain svstem weght 1
vilume for the following underwater energy soutves

D Lathium tuoayi chlonde battery (L-SOCI

2i  Alumunum scawater battery (ALWATT) produces Hy

31 Alumenum oissoived Gaygan (AL-DOS)

4} Alurunum dissolved oxygen via camer ‘Al -Carmen)

5}  Comtination of an ALWATT with a fuel cell subizing Ha wath eaygen via camer
(ALWATT-CHO)

This section also descnibes all the assurptions made 1n these caloulations
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2.4.1 Thermodynamic Requirement

The shermodynamic requirement is the minimum requirement of fuel and oxidizer in the
energy source. For the above five classifications, the primary fuel, oxidizers and the
overall reactions are given in the following table:

Systemn Fuel  Oxidizer Overall Reaction
1. Li-SOCI; Li SOCIp 4Li+2S0Cl; --> 4LiC1+80)+S
2 ALWATT Al H;0 2A14+6H;0 --> 2A1(OH)3+3H>
3. AL-DOS Al 0s(d) 4A1+302+6H;0 --> 4Al(OH)3
4. ALCamer Al (L-Coy-02  4AlI+3(L-Co)2-O2+6H;0-->4A1(OH)3 + 6L.Co
5. CFfC Hy  (L-Copn-0; 2H3+2(L-Co)2-O72 --> 2H70 + 2L-Co

Each of these reactions releases energy. If all the energy is converted to useful electrical
energy by means of special design and manipulation of the reaction sites (as in a battery, a
fuel cell or a combination thereof) the amount of reactants required for a given energy
output is defined as the thermodynamic requirement. In reality, it is hardly ever possible to
extract all the energy in the form of electrical energy: also, there are components other than
just reactants necessary to build a battery. Nevertheless, this is a good place to start since it
provides the mimimum bound for matenals needed for a particular energy output.

Energy obtained from a given reaction is determined from the amount that is reacted and
also the reaction itselt. The energy, expressed as Wh can be divided into two terms, Voit
(V) and ampere-hour (Ah), 1.e. Wh = V x Ah. The concept of Ah is fairly straightforwand
and follows from Faraday's Law of electroiysis (any physical chemistry text book). This
law states that 96487 coulombs or 26.8 Ah is released or required for zlectrockemical
reactic n of one gram equivalent of a materizl, For example, 9 g o Al or 6.9 g of Li will
produce 26.8 Ah. The voltage concept is slightly more complicated and comes from the
relagonship of Gibb's free energy and electrochemical potential, EMF.

AG = nFE, where AG is the change in free energy due to reaction. n is the numbe: of
elecron; involved in the stoichiometry of the reaction. F is again 26.8 Ah, also known as
Faraday. E is the thenrodynamic voltage. Therefore, E represents the znergy released per
gm-equivalent of substance (n = 1). In this context, it is therefore apprognate to cite these
voitages and Ah/g of fuel.

From the following table, it can be inferred that the AL-DOY provides the best possible
gravimetric energy density from a thermodynamic standpoint and the CFFC provides the
best possible voluretric energy density. The advantageous position of lithium is lost as
weigh: and volume of thionyl chioride are considered.

As the name suggests, ALWATT-CFFC is a combination of the ALWATT and CFFFC
systems; the reacton of the AL-Carrier is 2 combination of reactions of the ALWATT and
CF¥C. The ALWATT-CFFC system proposed does not carry hydrogen, but utihzes
hydrogen generated from the ALWATT. Since one gram of Al produces 0.11 g of Ha, the
total encrgy thai can be obtained from 1 g of Al by the ALWATT-CFFC system is 4.4 «
011 x 289 = 7.0 Wh. This is the same as in the AL-Camer system. This 15 of no
surprse.

Page 11
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Sysiem Potential, Ah/g. Whg, Whig, Whit
Volts Fuel Fuel Fuel + Camer Fuel + Carrier
Reactant Reactant
1 2 3 4 5
Li-SOC)2 173 39 144 1.5 2000
ALWATT 1.47 30 44 44 11800
AL-DOS 2.79 30 8.1 8.1 21809
AL-Camier 2.55 30 7.6 7.6 20400
CFFC - _1.08 268 280 289 2000°

2.4.2. Losses

The previous section defined the minimum requirements of fuei and oxidizer needed for a
given energy requirement. There are inherent losses in a working system when energy is
denved from it. These tosses are due to:

1) ureversibility
2) chemucal imbalance - concentration ineqguiiibaa
3) clectncal resistances

The losses lead to voltage loss in the system and are often referred to as voltage
inefficiency  There 15 another kind of loss that anses due to unutihized fuel or reactant dee
to sloughing or parasiuc reactions.

The following table shows the thernmodynamic and assumed or operating voltages of the
above systems and also the stoichiometric Ah/g versus what 15 10 be expected in rea:
SiIuGLioNns.

Theymodyramuc Vs. Actual ¢ Projected

System Voltage Voli. Ampere br/z of fuel | Utilization
Tharmo  Actual Progcind | EfE. ] Thormo  Acrtual  Prosected | Ffficiency

L1-SOCY 373 34 . 91 | 39 not known ~
ALWATT i 47 045 - LTI 2.4 ) 08
AL DOS 27 10 | 3| 3 24 08
AL-Camer 18 . 12 3| o3 24 - 08
CEEC 108 - o6 | s6 |28 - 1881 07
HyOpFuel Cell | 123 09 . 73 | 268 - 0.7

* Denuty of cryogeni Rydiogen 18 007 gice

Page 12
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2.4.3 Other Compenents

Aside from the reactants, a power source needs other components and materials to build a
practical working system. These coiaponents and matenals are discussed further as we
discuss each individual system.

2.4.4 Li-SOCI; System

Ini this system, atide from the theoretical amount of lithiurn and thionyl chloride, it has been
reported that they nzed extra thiony! chloride to dissolve the products (sulfur dioxide and
tne sulfur and lithium chlonide). The other matenals needed to build a cell are a)
separator, b) carbon as cathode and ¢) current collection. SO that is produced in the cell
when discharged dissolves in SOCly but exerts 2 considzrable ameunt of pressure. The
cell container needs 1o be sufficiently strong and thick 0 withstand the pressure. When all
these inaterials zre included, a Li-SOCI; battery to be used on land has a volumetric energy
density of 1000 WhAl and SO0 Wh/Kg (minuteman silo, reported by Altus Corperation,
MIT Sea Grant Symposium, November 1988, Massachusetts). Underwater, these values
are further reduced to 430 WhAll and 330 Wh/kg!. The exact breakdown of these excess
somponents are oot known to Aquanautics.

IPrivaze Communaation. A Etlnthorpe. DARPA. Seprember 1989
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2.4.5 AL-DOS (Aluminum Dissolved Oxygen)
2Al + 32 03 + 3H;0 --> 2Al(OH),,

AG' =-372kcal
E’' = 2TV

Thermodynamic energy density of Al for this reaction = 8.1 Wh'g or 21.3 Wh/mi

Quarterly Repont
_July. 1989 through September, 1989

Design for 10W, S year System (338 KWhr.)
k

1
Iﬁmxxiynmﬁc Tequireinent of Al 3§ 0
l ® Voltag . Efficiency = 37%
Marenals utilization efficiency = 80%
Actual requiremen” without pumping 182 68
* Pumpi~g Scawater (30% of gross)
Actual requirement with - ymping 260 97
* Current Density (1,6 mA/cm?) gives Al
thickness of 1.25 cm.
® Inter-electrode gap 0.25 cva or 20% uf Al
Gap 19
“Sub-total 260 116
* Cell packaging and counter eloctrod= 20%
L by volume and 1.9 density 34 23
““Sub-fofal pLx] 139
* Seawater pump 16 5
® System package - $
Total ~ 30 LD
W-hifi 2940
W-hrfkg 1340
® Estimate of assampuo

Page 14
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2.4.6 AL-Carrier (Aluminum Carrier Battery)
2A1+ 32(L - Co)a - 02 + 3HO --> 2A1(0OH); +3L - Co

AG* = -352kcal
E’ = 2.55V

Thennodynamic energy density of Al for this reaction = 7.65 Wh/g or 20.6 Wh/m!

Design for 10W, 5 year System (438 KWhr.)
k;

1
Thermodynamic Requirement 35 21
* Voltage Efficiency = 47%
Materials utilization efficiency = 80%
Actual requirement without pumping 152 56
* Pumping Seawater (10%)
Extra amount required for pumping 16 16
Total requirement 168 62
* Current density 1 mA/cm2, Al thickness 6.5 cm
interelectrode gap .5 cm (7.7% of Al) S
Sub-total 168 Ky
Cell packaging 20% of volume with density of 1.5 20 13
*Gill 2 3
* Carrier Pump 4 2
* Seawater Pump 6 3
_%ggem Packaging - 8
ota ™ %
Whkg 2200
Wi 4600

® Fstunxie or ssumption.
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2.4.7 ALWATT (Aluminum Seawater Battery)

2Al + 6470 --> 2A(OH); + 3H;,
AG® = -203 kcal
E’ 1471V

[t}

Thermodynamic energy density of Al = 4.4 Wh/g or 11.8 Wivmi

Design for 10W, 5 year Sysiem (338 KWHhr.)

k |
Thermodynamic Requirenent §‘§ 37
Voltage Efficiency = 29%
Matenals utilization efficiency = 80%

. o o
P e . -
.o : . . o . .
. L . .
w . , R . .

Actual amount needed 426 159
* Extra volume due to shunt protection 23 31

and packaging (5% of Al by weight, 20%

by volume)
ofal L 10
Whikg 975
Wi 2300

* Estumale of aSRRPLON.
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2.4.8 ALWATT-CFFC
Voltage Eff. Utilization EfS.

1.471 29% 80%
1.08 56% 70%

2Al + 6H20 --> 2Al(OH)3 + 3H; E’
3H2 + 32(L-Co)3 - 02 -->3H0 +3L - Co E’

From 1 g of Al, the following energy is denved for this system:

1471 x0.29 x 0.8 x 2.98 Wh/g + 1.08 x 0.56 x 0.7 x 2.98 Wh/g
= 2.26 Wh/g (considering the two efficiencies)

With efficiencies as 100%, the energy denived would be (1.471 + 1.03) x 2.98 Wh/g
= 7.64 Wh/g

~Design for 10W, 5 year systemn (438 KWhr.)

|3 ]
"Thermodynamic Requirement 15” 2l
Actual rrquirement 192 1
Add 10°% for pumping 19 7
Sub-total 211 78
Alwatt needed for packaging & shuni protection 11 16
222 99
* Fuel Cell 3 2
* Gill 2 3
* Seawater pump 6 3
* Carrier pump 4 2
* System package 10
730 115
Wivkg 1960
Wi 3800
® Estnaie or assumptoan
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2.5 Comparison of Weights and Volumes for a 10W, 5 year System

Figures 2.7 and 2.8 show the breakdown of volume and weight for the five sysiems
discussed herc.

Underwaler Power Syslem Volusmess for 10 Walt S Year Opevaiion

Funl Col (ALWATT CFFC)

Onn Tanth B Voiume

0400 B grecisd MASED ¢ Do (harnrn curae oyuian eat B
Sameipnanially rogeind wives 3 mitag coved S ks
e on AR of B9 cmmageniing wihines @ S0 Shan iyt
indds suune:

° w6 o o [ ] e Q0
L

8 Al dom Reacsaci o Senchiee & & ol Eachuting Fosd @ Fonl ter Pmping

Congrmarts ¢ L Anpe 4 GO

Thindyt Chinree Sysion
St ionnrPeusc O fe L Funl, Themagyasmic

Aachana, g b . .’a Rgmparemnent @ thium &

Olsioe Thicnyt Cliloilde o

Adumanmg
Figure 2.7
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Underwealer Power System Weights for 10 Wall 5 Year Operstion
- S ‘:‘ﬁ;ll,‘l"-s

ALWATY o K202 Cowir Fodd
Fust Col (AL WATT CFFG)

A Sepnate: (M WATT)
6 A2 Men Paacion
Conprntrin of Ly
Vidanyl Chimiily Sy
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Ao
Figure 2.8
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3. WORK TOWARDS CARRIER FEED FUEL CELL

During this quarter the objectives of the research work on the ¢a.ier fed fuel veil wer:
primarily to improve the overall cell voltage with a final goal of 0.6 voits. The focus of tix
cffort to improve the cell voltage was on improving anode and cathode perfomiaio= and
reducing ohmic losses. Experiments were carned out with tour different rypes of
membrane and electrode assemblies to improve the anode performance 224 9 reduce the
ohmic losses through the membrane electrede interface. While almost all experiments used
the 23 Suzy P carrier at pH 7, one experiment was performed wiih 22 Suzy P carrier and
the pH vaneq from 7 to 4 Improvement in the cathode performance resulted from the use
of a catalyzed felt.

Membrane and Electrode Assemblies

The membrane and electrode assemblies from Giner Incorporated which were tested this
quarter differed from the previous assemblies from Giner in three respects: the membrane
materia! was changed formn RAI to Nafion, the bonding betwsen the membrane and the
anodic electrode was improved, and the loading of the platinum catalyst was increased. In
addition one membrane and electrode assembly from Electrochem Incorperated was tesied.

The new membrane and elecirode assemblies from Giner performed quite differently from
the assemblies previously obtained from Giner as shown in the following table.

Experiment 2AM4 2AMI1
Membrane RAI Nafion
Electrode Platinum Loading ( mg/cm?) 4 20
Current Density (mA/cm?) 10 10

Cell Voluage 0.17 0.21
Anode - Hp Ref. 0.25 0.01
Cathods - Hy Ref. 0.42 0.22
Ohmic Loss 0.10 .02

As can be scen there were marked reductions in the anode polarization ard in the ohmic
losses. We believe that both of these improvements are due primanly to the improved
bonding of the membeane to the electrode. Giner has had a great dea! of experience with
Nafion membvanes and relative littte with RAI and as a result can fabricate much better
assemblies with the fonmer membdeanc. There is little reason to believe that the difference in
performance can be attnibuted to the membrane type alone so we are contemplating
expenments with Al membrane and electrode assemblies with improved boading.

Although the anode and ohmic losses were much reduced the cell voltage showed litde
improvement due to the ncrease in cathodic losses. We believe that the increase in these
losses can in part be attributed to an increase in the pH gradient across the membeane. The
pH gradicnt 1s in pact a function of the membrane which justifies continued experimental
work with different membeanes.
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Experiments were also carried out on Giner membrane and electrode assemblies with 4

mg/cm? platinum loading. In these experiments the anode and cell performance were not as
good as with the higher platinum loading.

The first of a series of membrane and electrode assemblies from Elec..ochem was tesied
this quarter. This assembly using the "standard” Electrochem hydrogen anode achieved
cell voltages better than the 4 mg/cm? platinum loading Giner electmde though not as good
as the 20 mg/cm?2. Other as yet untested membrane and electrode assemblies from
Electrochem include higher catalyst loadings and may show better performance.

Carrier and pH Variation

One experiment was done this quarter using the 22 Suzy P carrier. The 23 Suzy P carrier
had become the standard for experiments since it has the best perfermance and life time of
any carrier tested thus far. The 22 Suzy P w25 run again however, because previous
tizration experiments have shown that this carrier binds oxygen at a lower pH than does 23.
It was hoped that reducing the carrier pH would reduce the pH gradient in the cell and
increase the cell voltage and although in principle this should work the experitaent using
this particular combination of cell components and camier showed only a slight
improvement in cell voltage.

Catalyzed Fell

The biggest improvement in cell voltage this quarnter came from the use of a felt with a
surface catalyst bound to it provided by Alupower. The catalyst facilitates the reduction of
oxygen at the cathade and improved the cathode voltage by 0.09 volts to give an ininal cell
voltage of 0.3 volts. The use of catalyzed felt will be the new expenimental standard.
Additional catalysts for oxygen reduction are known and will be examined first with cyclic
voltammetry and then, if they show promise, in a complete fuel cell.
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4. WORK TOWARDS AL-CARRIER BATTERY

This quarter several experiments were done with the aiin of establishing the feasibility of
building a liquid feed aluminum oxygen battery. Experiments were doae using seawater
and three different oxygen carzizrs as catholytes.

Aluminum/Dissolved Oxygen System

The aluminum dissolved oxygen system uses seawater to carry dissolved oxygen to the
fuel cell where it 1s reduced. The concentration of dissolved oxygen in scawater is so low
that the seawater must flow at a high rate in order to achieve a reasonable cell current
density. Experiments were done this quarter which examined the performance of a
seawater fed aluminum fuel ceil. Experiments at high flow rats ( 120 mi/min through a 25

cm? cell ) showed cell voltages of over one volt at current densities of one to two milliamps
per square centimeter. At flow rates of 4 mi/min through the same cell the seawater conld
not provide enough dissolved oxygen to maintain a positive output voltage at a current
density of one mA/cm? even when the felt treated with the oxygen catalyst was used.

Aluminum/Carrier Experiments

Oxygen camier solutions can carry nearly two orders of magnitude more oxygen in the
same volume of fluid than can seawater and so should be able to maintain reasonable cell
current densities at very low flow rates. Carrier run through exactly the same system as
was the seawater in the above discussion produced a cell ontput in excess of one volt at a
carrier flow rate of 4 mi/minute.

One of the concerns about the aluminum carrier cell is that the carrier must withstand a pH

as high as 12.5 since the reduction of oxygeu creates OH- ions which flow from the
cathode to the anode only due to their concentration gradient. Three ligands were used to
make carrier solutions for use in this system: tetren, crude Suzy and 23 Suzy P. The first
two of these were examined because they were thought to be moge suitable for use 2t high
pH. Howsver the performance of 23 Suzy P. which in the past has proven to be a more
stable compound. was found to be comparable to the performance of the others.
Experiments were run with the inteation of examining the camrier degradation over ume. It
was found thai the experimental cell design was poorly suited to the aluminum seawater
anode a1 the cell voltage declined due to clogging of the anolyte seawater flow path with
precipitates and the formatioa of intemal cells between the aluminum and the titanium
current collector. The camrier survaved three cell rebuilds over a week of nearly continuious
operation with only very little degradation in performance before the experiment was
sbandoned. We plan to redesign the anade side of the cell and repeat these experiments tn
order 1w obtain meumngful data about the camier lifetime in this system.
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S. ALWATT BAYTERY

The ALWATT hattery in the ALWATT-CFFC scheme 1s not oaly the source of hydrogen,
it also produces power. It was calculaied based on the energy densities and hydrogen
generation charactenstics that about 20-25% of gross power will be generated by the
ALWATT battery. Aguanautics recently asked Alupower to model the ALWATT design to
minimize the volume needed and maximize the power generated for a given hydrogen
requirement. Their report is attached as Apperdix 1.

The stedy shows that the ALWATT cell can be re-designed to obiain 1700 Wh/ and 700
Whikg with 50% fuel utilization. Alupower recentiy informed us that they have recendy
developed an aluminum alloy with 80% fue] uthization.

As a result of these developments, the ALWATT battery would generate approximately
45% of the gross power and the CFFC would produce the rest. The energy densities for
the ALWATT are recaleulated on the basis of new utilization efficiency tn Section 2.

Note a'so that the projected ALWATT battery energy density 1s about four imes that of the
lithuum tuonyl chipnde battery and 1s much safex i handle.
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6. WORK TOWARDS CARRIER
Summary

EOC expenments using compound 72 showed that ifeume was related to the concentration
of free oxygen dissolved in the carmier. The bound oxygen is noi responsible for the
degradation. Since the free oxygen con: =ntration cannot be higher than that in seawater for
the gill, the implication is therefore that under+ater operation favors the casrier lifetime.

Voltammetry studies with compourd 64 show satisfactory operation with sulfate and
fluoride as the counter ions. These tons are more compatible with the anode of the fuel
cell. Perchlorate, however, causes polymerization. Static lifetime tests on some
tetradentate polyalkylamines have shown lifetirnes of greater than two moaths.

6.1 Experimentals

6.1.1 The EOCs were configured to operate with pure oxygzn unloading while two small
systems were maintained with air sweep unloading for initial screening purposes. Two
parallcl expenmen. . were camied out using a singie batch of compound 72 with MDAMF
added as mediator  Both experiments gave >¥)% pure oxygen at about 160 waus per liter
per munute for 12 days. Both solutions failed as judged by the electron count values at
fourteen days (pH=7). These results confirm a previous expenment with Compound 72
which was run in the pure oxygen unload mode. The EOC was reconstructed to mumimize
the volume of camer 1n te unloading section between the anode outlet and the cathode inlet
and another batch of compound 72 was prepared. A power increase at thinty-three days
occurred despire adjustment of the pH 208 15 thus due to final farlure of the camer In the
previous quarteriy report the lifetime of compound 72 was reported to be six weeks while
the oxygen 1s swept from the unloader by an airstream. The gend 1s thus unmictakable that
the longer the released oxygen is allowed 1o remain 1n contact with the carmier the more
rapid 1s the degradation  Now the binding constant of compoeund 72 15 such that the camer
should be fully saturated with oxygen under air  Thus, if the hound oxvgen 1s responsible
for the degradation, why should there be a dependence upon the curner contact time with
kgh punty oxygen® The implication 1s therefore clear that a sccond oxygen molecule
which is free in sodution 15 respsasibie for the depradation.

In the power systems under conaderaunion, no release of oxygen 15 envistoned  Thus the
free oxygen concentration 1n the caraer will not exceed that 1n seawater  If the ireveruble
reacuon of camer with oxvgen depends on the concentrstian of free oxygen thes the fuel
cell system crestes a favorable sizuation for the carmer hifetune.

612 Cycle volummeny of compound 64 was camiasd out using perchlorate. fluonde and
sulfste as the counter o Both Ruonde and sulfate gave saticfactony results  Indeed the
use of sulfate gave cleas evidence in the voltammetry of the release of Co{lll) The use of
perchiorate presented no difficulties winie oxygen was excluded and a novmal voltamenetne
respoase was observead  As s00R as oxygen was introduced, however, a2 byown precipitaie
formed immediately and the clectrode was pasaivated

6 1.3 Stauc hfetime tests were carmied out on compounds 244, 23S and 24¢  Eaxch
solution was prepared as 3 0 3 mM wolution and thoroughly saturated with ar by an
arstrean. The UVAruble spectium was e recorded at iatervals unl the charge ansfer
band no longer decreased with time  Each solution was stored 1n a graduated flask open o
the a1r and was vigorously shaken before each measurement  There are two parts to the
peociess. The first pant 1s cleariy mass tansport controllcd by the avaiaiiny of oxygen
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while the second part corresponds to an adequate supply of oxygen since the concentration
of camer has declined below the level where it can consume all of the available oxygen.
The implication once again is that a second oxygen molecule is responsible for the
degradation.

6.2 Workplan for Next Quarter

6.2.1 Test low pH unload concept. Examine several camers for acid-base behavior.
Ehminate camiers which react slowly v, the addition of acid to the solution. Obtain
clectrodes coated with Nafion and bonded to a Nafion membrane with a hydrogen anode
bonded to the other side. Test these electrodes with the camers which rapidly release
oxygen with additon of acid. Test uncatalyzed and c-alyzed Nafion coated electrodes.

6.3.2 Develop quantitative methods using Rotaung Ring Disk Electrode Voltammetry
(RRDEV) to exam ‘¢ carrier behavior at the electrode. Use the methods to study at least
five different families of cammer and correlate the observed behavior with tests in the fuel
cell nigs. The behavior will be studied as a function of pH (low pH for CFFC and high pH
for AL-Camier). Choose best carrier famulies for each application.

6.3.3 Develop lifetime testing for camer screening. This involves static-lifetime EOC
testing and fuel cell testing in conjunction with RRDEYV data from 6.3.2.
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7. GILL

7.1 Introduction

This report descnibes testing performed on a rectangular gill cantridge fabricated for
Aquanautics by Applied Membrane Technology (AMT) of Minnetorika MN. Details of the
gill cartridge fabncation sre presented in a report submitted by AMT which is attached as
Appendix 2. The gill cantridge was intended to test the viability of using a membrane
loader to transfer oxygen from seawater to carner in an underwater power source
employing Aquanautics’ propnetary oxygen carrier technolugy. The gill cartridge was
fabricated according to specificatioss that were defined at Aquanautics after a gill power-
volume model had been developed and studied. Results of the gill power-volume
relationship are included 1n the Quarterly Report for the quarter spanning the months of
Apnl 10 June 1989.

Tesung of the gili membranes was performed dunng the penod of September 3 to
Septemnber 15, 1989. Most of the testing was preliminary and intended to venfy the gill
power-volume model. This report shall, therefore, include not only the results of the gill
testing, but shall also include a companson of the expenmental results with the predictions
of thz inodel.

7.2 Background

The work described 1n this report was performed as pant of the DARPA contract 1o
investigate the usc of Aquanautics’ propnictary oxygen carriers in producing power
undersea. In the systems being investigated the oxygen dissolved in seawater 15 extracted
by the camer. transported 1o a fuel cell and consumed in a reaction with a fuel producing
clectncal energy. The fuel can either be hydrogen produced by an aluminum corrosion cell
or aluminum uself. In both cases the carrier containing bound oxygea is fed directly to the
cathode of the fuel cell where the bound oxygen 1s reduced. The gill is the location at
which the oxygen tansport from scawater to camer takes place.

A nupor parastiic loss in the system descnbed in the preceding paragraph 1s atmbutable to
the power required to pump seawater through the gill. The pumping power for seawater
flow through the gill is a function of the gill size and configuration as well as the flux of
oxygen required to produce the specified output power. The model denved to analyze the
gill consisted of 1wo egjuations, one descnbing the power as a funcuon of the gill volume
and the sccond expressing oxygen flux as a funcuion of gill voluine. These equations are
amnenable 10 use for opimuaing the gill volume as described in the Quarterly Report for the
penod Apnl-Junc 1989,

The gill configuration chosen for this purpose consists of a rectangular bed of hollow fibers
where the camier flows inside the fiber lumen and seawater across the outside of the fibers
in a direction perpendicular to the plane of the fiber bed. This configuration has been
shown 1o offer maximum mass transpon with minimal losses due to drag?. Accordingly,
AMT was requested to fabnicate eight cartndges for testiag at Aquanautics. Four of these
cardges were to be constructed of microporous hollow fiber membranes, while the other
four membrances were to be constructed of microporous fihers coated with AMT's
propriciary oxygen permeable solid layer Each type of membrane cartndge was to be
construcicd in two confijurations, onc with an iater-fiber spacing factor of 2.5 and the

2¥ang. M.C . and Cussker. E L. "Deugning Hollow-Fiber Contactors,” AFCAE 1. 32, 11 (158%)
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other configuration involving a factor of 1.5. The inter-fiber spacing factor refers to the
ratio of the center-to-center distance between the fibers to the outer diameter of the fibers.
The testing reported on here involves cartridges that were made from plain microporous
hollow fibers with an inter-fiber spacing factor of 2.5.

7.3 Experimental Setup

Figure 7.1 shows the schematic of the experimental setup used for testing oxygen ﬁux
ithrough the gill cantridges. The gill cartridge consisting of a rectangular fiber {ed

from microporous hollow fiber membrane was housed in a flow box which had an emry
port and an exit port on either side of gill. Figure 7.2 depicts the design of the flow box
used for the gill cartridge. The flow box was connected to a pump which pumped artificial
seawater from a tank equipped with a chiller and an aerator to maintain temperature and the
oxygen content of the scawater respecively. The gill cartridge was swept with nitrogen
gas on the inside of the fiber lumen in these preliminary experiments. It is expected that
carrier will be used in later experiments.

Coclan: Loco for
Temp Coatrol

Figure 7.1 Schematic of Expenmentai Setup.

The oxygen content of the seawater entening the flow box and leaving it was measured
using Clarke-type probes manufacwured by Yellow Spnings Instruments (YSI). Two
probes were used before the gill and three after the gill to ensure redundancy in case of
probe failuce. The flow rute of scawater was measured using a rotameter with a range of 0-
4 gpm. Fluw raic of seiwater could be varied by using a system of valves with & bypass
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arrangement or by adjusting the speed of the pump. Nitrogsn from a pressurized tank was
fed to a fiow controller through a pressure regulator and then to the gill cartridge through a
rotameter. The rotameter was used only to set the flow rate of the nittogen. The oxygen-
enriched sweep gas exiting the gill cartridge was passed through a Teledyne probe and a
hot wire anemometer to measure the oxygen centent and the flow rate respectively. The
seawater pressurc drop across the gill cartridge was measured using differential pressure
sensors from Omega Instruments. The pressure difference was racasured at two poiats,
namely at half and quarter height of the gill as shown in Figure 7.2.

Differential Pressure Sensors

Seawater |}
Inlet pont

Protective Screen Gill Hollow Fibers

Figure 7.2 Design of Flow Box for Gill Cartridge Testing.

Data from the YS! probes were acquired using an cight-channel data acquisition system
connecied to an IBM XT computer, while another system was dedicated to the nitrogen
sweep gas measurements and the pressure drop data.

7.4 Procedure

The experimental system depicted in Figure 7.1 was assembled and secawater flow from the
seawater tank started. The seawater tank was sparged with either air or the appropnate
mixture of air and nitrogen to sunulate 100% saturated and unsaturated seawater
respectively. The nitrogen flow was turmed on and set at SO0 ml/min using the rotameter
and flow controller. Data acquisition was started with the seawater flow set at the lowest
value and data taken unul approxamately 15 minutes of steady state operation was realized.
Data points were recorded every three minutes and therefore data was acquired until five
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consecutive data points showed less than 10% deviation. The seawater flow rate was then
stepped up to its next higher value and the experiment repeated.

Three sets of experiments were performed, with seawater conditions being the only
parameter that was changed. The scawater conditions for the three sets of experiments
were as follows:

1) Temperature = 3 C; Initial Oxygen concentration = 6.8 mi/l,
2) Temperature =8 C; Initial Oxygen concentration = 1 ml/, and
3) Temperatre = 8 C; lnitial Oxygen concentration = 5.8 mi/l.

The first and last experiments were performed with air saturated seawater and the Oxygen
concentration values shown above correspond to saturation at the respective temperatures.
In the second experiment, a mixture with a 1:6 volume ratio of air to nitrogen was sparged
through the seawater tank to achieve the 1 ml concentration.

The nitrogen flow rate was not expected to affect the mass transport of oxygen since the
boundary layer on the scawater side controls the flux rate. This was checked by running
the nitrogen at 800 ml/min for a couple of data points and comparing the oxygen flux with
that realized at a nitrogen flow of 500 ml/min, all other conditions remaining constant. No
dxf;“exr)et;:le/ was seen and the experiments were all performed with the nitrogen flow rate set
at 'min.

Prior to cach expenment, the YSI probes were calibrated using a two point calibration
method. The seawater was saturated with air at the operating conditions and the gain on the
signal amplifier adjusted so that the output from the amplifter for each of the probes was 1
V. The seawater was then sparged with nitrogen to get a "dark current” reading on the
different probes. The actual experiment was conducied only after the YSI probes were thus
calibrated. The gill remained inactive duning the calibration to ensure that the probes
upstream and downstream of the gill flow box were subject to the same seawater oxygen
concentrations.

7.5 Resulls

The results of the various experiments are presented in the form of two types of plots. The
first plot graphs oxygen flux as a function of the seawater flow rate, while the second plots
scawater pumping power as a function of seawater flow rate. Plots were worked out for all
thres expenments and are presented as Figures 7.3 through 7.8, Data analysis was done
using the Excel spreadsheet program on an IBM compatible computer aid tansposted to a
Micintosh for presentation.

The seawater flow rates were obtained froin the rotameter that was placed in the seawater
loop prior to the flow box. The oxygen flux was calculated using two methods. The first
cntailed using data from the YSI probes to calculate the oxygen content of the water
entening and leaving the gill flow box. The oxygen content of the scawater at any probe
was calculated by using the expression,

ry -

. Egd
G = f;_'; “Egd So 7.1
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where, Ci is the concentration of dissoived oxygen in seawater at the probe i
(standard mif1),
E; is the reading of probe i (V),
Ed is the "dark current” reading of probe i obtained during
calibration (V),

E, is the reading of the probe i in air saturated ceawater (V), and
S is the solubility of oxygen in scawater at the operating
temperature (standard mifl).

The oxygen conc _itrations calculated from probe readings before and after the flow box
were averaged and the oxygen flux across the membrane calculated using the expression
shown in Equation 7.2.

N = (Gsi-Cs0) Q (1.2)
where, Csi is the oxygen concentration of seawater eatering the flow box
(standard mif),
Cso is the oxygen concentration of seawater leaving the flow box
(standard mif1),

Q is the flow rate of seawater through the gill box (s}, and
N is the oxygen flux rate (standard mi/s).

The oxygen flux was also calculated from measurements made at the nitrogen sweep outlet.
The value of the oxygen flux from the nitrogen sweep side was calculated using the
expression given in Equation 7.3.

where, Qs is the flow rate of the sweep gas (standard wl/s),
po is the partial pressure of oxygea in the exiting sweep gas (atm),
and
N is the oxygen flux rate (standard ml/s).

The flow ratc of the sweep gas was measured using a gas flowmeter from Omcga
Instruments that is based on the hot wire anemometer principle, while the oxygea coatent
of the sweep gas was measured by a Teledyne oxygen probe.

The pressure drop across the gill cartridge was measured at two points using differential
pressure transducers. The readings were averaged and the power to pump scawater
calculated from this average value using Equation 7.4.

P=4pQ (14)

where, P 15 the power to pump seawater (W),
Ap is the pressure drop across the gill cartnuige (N/m?), end
Q is tie scawater flow rate (m3hs).
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Figure 7.3 Oxygen Flux vs Scawater Flow Rate in 1KS96.

Testing of Aguagas-NC-1 with N2 Saippung
Seawsser Pumping Power vs Flow Rate (1KS%6)
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Figure 7.4 Seawater Pumnping Power vs Seawater Flow Rate in 1KS96.

Figures 7.3 and 7.4 refer to the first experiment listed in the preceding section (1K596).
Figures 7.5 and 7.6 are for the second expeniment (1KS98), and Figures 7.7 and 7.8 are
for the last cxperiment (2KS02).
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Figure 7.5 Oxygen Flux vs Seawater Flow Rate in 1KS98.
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Figure 7.6 Scawaier Pumping Power vs Scawater Flow Rate in 1KS98.
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Testing of Aquagas-INC-2 with N2 Stripping
Oxygen Flux vs Seawaier Flow Rate 2KS02)
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Figure 7.7 Oxygen Flux vs Seawater Flow Rate in 2KS02.

Testing of Aguagas-NC-2 with N2 Stripping
Seawszer Pumping Power vs Row Rate (JKS02)
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Figure 7.8 Seawater Pumping Power vs Scawater Flow Rate in 2KS02.
7.6 Discussion

7.6.1 Oxygen Flux

The maximum oxygen flux was seen in the expeniment desigaated 1KS96, Oxygea flux
rates of 8.5 ml/min were noticed in this experiment. It is also obvious from Figure 7.3 that
the system mass balance was well established in this experiment, i.c., the oxygen flux
shown by the Teledyne probe matches thai calculated from YS! probe readings. This
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agreemnent extends to all seawater flow rates investigated. The scawater temperature in this
cxperiment was 3 C and the oxygen concentration under ccaditions of air saturation was
calculated to be 6.8 standard mi/l for scawater.

The second experiment, namely 1KS98, was conducted with scawater at 8 C and the
oxygen concentration at about 1 standard ml/l. The oxygen flux noticed from this
experiment proved to be much smaller than those obtained in 1KS96 as is obvious from
Figure 7.5. In this instance there was no agrsement between oxygen flux values calculated
from the seawater and nitrogen loops. The Teledyne probes showed that the oxygen flux
rate reached an asymptotic maximum at a scawater flow rate of 2 I/min. The YSI probes,
however showed that tie oxygen flux increased gradualiy as the flow rates were increased.
The Teledyne probes showed a maximum flux of about 1 standard ml/min, while the YSI
probes showed a flux of appioximately 0.6 stanlard mi/min at the maximum scawater oy
rate.

The last experiment, namely 2KS02 was conducted with an oxygen concentration of about
5.8 standard mi/] and a seawater temperature of about 8 C. The agreement between
oxygen flux values calculated from the Teledyne probe and the YSI probes was found to be
better than in the case of iKS98. The YSI probes, however, showed larger fluxes at
higher scawater flow rates while the converse was true at the lower values of the scawater
flow rate. A maximum flux of 3.3 standard m{/min was measured by the YSI probes,
while the Teledyne probes yielded a maximum flux of 2.4 standard ml/min.

The differcnce between the YSI probe and Teledyne probe readings in 1KS98 could be
atnbuted to lack of resolution of the Teledyne probes. The high nitrogen sweep rates
meant that the oxygen content of the exiting sweep was very low and this was esperially
true in the case of tiic low seawater oxygen concentrations. This meant that the Teledyne
probes were always operating at the low ead of their range and were therefore subject to
cIvors.

The second point of importance is the seeming degradation of membrane performance
between 1KS96 and 2KS02. Even aliowing for the slightly lower oxygen concentration in
the latter expenment, the degradation in oxygen flux cannot be explained. The higher
temperature in 2KS02 should help the oxygen flux because of the higher oxygen diffusivity
associated with higher temperatures.

7.6.2 Seawater Pumping Power

The seawater pumping power in the first two experiments (Figures 7.4 and 7.6) was
measured 10 be in the milliwau range. The pressure drop across the membrane cartridge
was found to be very low and of the order of hundreds of Pascals (Nfm2). The power was
seen to increase as a funciion of the seawater flow rate, though the data was nok considered
reliable due to inaccuracies in the differential pressure seasor. The sensors used in this
experiment had a range of 5 psi (34,000 N/m2) sndd were therefore operating in the bottom
1% of their range. The readings from the transducers were not conswiered reliable for this
reason. In the last expenment (2K502; refer to Figure 7.8) the scawater flow rate was
increased sufficiently for the pumping power to exceed 75 milhiwaits. The results from
2K802 show that the power does not increase linearly with {low rate but that it 1s a higher
order polynomial function of the flow rate. as expecied.
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7.6.3 Comparison With Model Predictions

The data acquired from 1KS96 is compared with the predictions of the gill power-voiume
model in Figures 7.9 and 7.10. In Figure 7.9 the measured oxygen flux is compared with
the predictions of the model, while Figure 7.10 compares the scawater pumping power

measured with the sunulated values.
AMT Membrane Simulation (3mA2)
Oxygen Flux vs. Seawater Flow Rate
0.000001
!-’.'
0.0000008 S—
”‘ﬁ
0000006 - ]
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™3 0.0000004 —ad”
rd
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0.0000002 $—p’
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o L | |
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Figure 7.9 Companson of Measured Oxygen Flux with Predictions.

AMT Membane Simulation (1 m*2)
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Figure 7.10 Companson of Measured Scawater Pumping Power with Predicuons.
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The predicted values were obtained by using the equations for pumping power and oxygen
flux that have been developed for rectangular fiber beds. These equations are shown below
and details of their derivation are available from the quarterly report for April-Junc 1989.
The equations® derived in that report were modified for the gill fiber weaving
configuration, which in the case of the cartridges tested here was unidirectional.

2

QI;'YE‘ T D30 gn‘s Bl GEl Ll o9
C D2v2]

[in e S;q/Q] = 43354 [E,S 1) oS Qz]m (7.6)

The values of the terms P (pumping power) and N (oxygen flux) were obtained by solving
equaticns 7.5 and 7.6 respectively and were ploited as a function of Q (seawater flow rate)
for the cartridge which was tested.

It c2n be seen from Figure 7.9 that the oxygen flux obtained in the experiment was well
below the value predicted by the miodel. The power, however was also lower than that
predicted as shown in Figure 7.10 leading to the possibility that the flux could be improved
by increasing the flow rate and expending more power on the pumping.

7.6.4 Problems Encountered in Experiments
The experiments conducted had two sources of pusbicns. Tiesl A,

1) insufficient pumping capacity, and
2) Leaking cartridges.

The pump available for the experiment could only discharge up to 4 gpm of scawater into
the experimental sctup and therefore flux data could not be acquired at flow rates
sufficiently large to cause expenditure of micasurable quantities of pumping power.
Therefore all measurements were made at the lower end of the pumping power spectrusm.
A larger pump capable of greater discharge is necessary to inveshgate fluxes at higher flow
rates. At the highes: flow rate, namely 4 gom the velocity of scawater through the gill was
only 2.8 cmy/s and hugher flow rates will be necessary to achieve higher flux rates.

The second problermn, namely leaks in the cartridge could have led to a further impedance o
oxygen flux across the membrane. Water collecting inside the fiber lumen can block off s
lot of individual fibers causing all nitrogen sweep to flow through caly a fraction of the
fibers. This decreases the area of the membrane available for mass transport and could
have affected the flux  Mereover the liquid on the inside of the fibers can fonn a relagvely
oxygen-tunpenmeabdle layer causing lowered fiux rates.

7.7 Conclusions

The following conclusions were drawi from the gill testing wotk described herse:

1) The oxygen f.x from seawair to the nitrogen sweep is a function of the
scawater flow ~te  The flux vslues noticed 1n the first experiment (1K556)

3Aqam:u.s pocument. Fourth - ey (Fy 1956) Techneca) Repone ® Secuon 2 (1989)
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2)

3)

4)

3)

were not obtained again when similar conditions were used again (2KS02).
The oxygen flux values seen in the experiment with low initial oxygen
concentrations (1KS98) were disappointing, and could have been affected by
the entry of water into the fiber lumen, as well as the inability to pump larger
quantitics of seawater through the gill.

The performance of the membranes could have been affectzd by the water
leaking into the cartidge. The cartridges shall be sent back to their fabsicators
for repair and tested again after their retum.

The mode! over-predicted the oxygen fluxes that were obtained, while the
seawater pumping power was less than that predicted by the giil model. The
model shall be compared with daia obtained from non-leaking gill carnidges for
a mose complete analysis.

The pump attached to the test setup was not powerful enough to produce flow
rates in excess of 4 gpm of seawater. A new and more powerful pamp shail be
arranged to facilitate faster flow rates and investigation of the oxygen flux ar

higher pumping powers.

The gill design goal for the demonstration unit is 3 | of volume for a 42 ml/min
flux from a concentration of 1 mi/1 with a power consumption of 0.25 W. The
best performance obtained with the gill cartridge that was tested was a flux of
8.5 ml from a concentration of 6.8 mii with a gill volume of 0.57 | using a
pumping power of G.005 W.

7.3 Work Planned for Next Quarter

The expenmental setup shall be fitted with a bigger pump in an effort to increase the
seawler flow rate and experimenis repeated with all the cartndges that are being fabricated
for this project. This shall include the coated cantridges that have been recently delivered as
well as the uncexed cartndges afiter the leaks have been repaired.

In addition to tesnng, the cartndges that were determined o leak shall e 220t hack 0 AMT
for repairs and retested upon their retwmn.
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EXECUTIVE SUMMARY
This report is a study of the following two topics:

{i) Comparison of Hydrogen Storagc/on-line Generation
Methods (Secticn-1),

{ii} ALWATT Hydrogen Generator Power Sliudy (section-11).

The first one was to assesas the technoeconcmics of various
scthods of hydrogen supply for Lhe Aquanautics underwater SPE
fuel cell. The second study was to cptimize an ALWATT cell
that is capable of providing 25 watts and 696 ml/min of
hydrogen for one year for the 100W fuel cell system. The study
was carried out as per guidelines from Dr. Gam Hohanta.

SECTION-1: The hydrogen storage/on-line generation vptions are
examined, These include: (i) Compressed gas storage, {(ii)
Liquid hydrogen storage, (ifii) Metal hydrides {iv) Methanol
reformer, (v) Aluminum corrosion and (vi) ALWATT cell. Of
thene, methods (i) to (iv) are capital intensive because of
pressure-hull requirement and hence, are not preferred. Other
reasons for excluding these include volumtric inefficiency
(compressed gas), safety (liquid hydrogen) and additional
eneryy requirements {(methanol reformer, FeTiHz2). Calcium
hydride {(CaH2), aluminum corrosion and ALWATT are on-line
generation methods and do not require a pressure~-hull because
of the open nature of the system. The cost/kg of hvdrogen from
these methods are of the following order: CaH2z > ALWATT >
Aluainum corrosion Amrng the last two, ALWATT is vreferred
because it is the only sethod that provides hydrogen and
supplemental electric pover.

SECTION-11: The power study has resulted in the mization of
ALWATT cell with reapect to volume and weight. The results are
presented in the form of ‘watts/unit volume' and ‘watts/unit
ueight' that are scalable to Aquanautics power requirements of
prescnt and future needs. Maximum power density is sensitive
to cell volume. Specifically, an ALWATT cell capable of
delivering 25 wvatts along with 696 ml/uitnute of hydrogen is
aodeled. Cells with about | ¢ca aluminues anodes and 0.1 cm gap
operating at 0.5 mA/ca! have maximum volumetric power density.
Detailes of the analysis is presented in section-Il1. Optimal
pover and energy densitiew of ALWATT cell and battery are
presented in Yable-1.
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COMPARISON OF HYDROGFN STORAGE/ON-LINE GENERATION
METHODS FOR AQUANAUTICS FUEL CELL

Shailesh A. Shah and B.M. L. Rao
Alupower Inc.,
6 Claremont Road, Bernardsville, NJ. 07924, U.S.A

I. INTRODUCTION

Various types of hydrogen/oxyden fuel cells are used in
terrestrial and space spplications {(1}). Oxyden is either
derived from air or supplied from a cryogenic storage tank.
Recently, Aquanautics has developed an artificial gill that
concentrates the dissolved oxygen from seawater and has
proposed its use in a hydrogen-oxygen fuel cell for underwater
applicatiorni. This article addresses the cost of hydrogen
supply for Aquanautics fuel cell.

A number of options exist for the hydrogen supply {2}). They
are: {i} Compressed gas, (ii) Liquid hydrogen, (iii) Metal
hydride, {iv) Methanol reformer, (v) Aluminum corrosion and
(vi) ALWATT '™ hydrogen generator. The first three methods
provide stored hydrogen and the last threes (elate to on-line
generation of the fuel. Of these, the ALWATT hydrogen
generator is mew {3}, It provides not only the required
hydrogen but also generates electricity to supplement the
total electrical output of the fuel cell power plant.

The cost of any of the above methods of storage/on-line
generation of hydrogen depends on: (i) The hydrogen production
rate, (ii) The service conditions - i.e., operating depth,
temperature and (iii) The duration of service. The
technoeconomics of hydrogen production for undersea
applications are different from those for terrestrial
applications because of the special requiremencs iaposed by
operating depth (pressure hull) and safety considerations.

Il. OBJECTIVE

The objective of this report is to evalunte the relative
mcrive of hydrogen storage/on-line generation sethods for a
75W, 1 year-service Aguanautics hydrogen-oxygen fuel cell for
deep ocean application. Specifically, it is intended to
evaluate the advantages of the ALWATT hydrogen generator over
other methods.




111. APPROACH

As indicated in section-II, the cost of hydrogen for the
Aquanautics fuel cell is influenced by the operating
conditions (i.e., ocean depth) and service duration. In this
paper, we compare the unit costs of hydrogen by different

melhods, identify the pressure-hull requirements, if any, and
comment on the preferred method for the Aquanautics SPE fuel
cell.

IV. BACKGROUND
{a)} Hydrogen requirement for Aquanautics fuel cell:

One mole of hydrogen produces 53.6 ampere-hours (AH) of
electricity at 100% efficiency and this translates to
26.8kAH/kg and 2.4AH/liter (STP). Aquanautics has defined a
hydrogen requirement of 696 mal/min {(STP) for a 75 watt,
one-year service fuel cell. Thus, the total annual hydrogen
requirement for the fuel cell is about 366kl or 32.7kg(STP).

{b) Descriptici of hvdrosen storage/generation schemes:

The following methods were considered for hydrogen delivery to
the fuel cell:

A: Hivdrogen storage methoda:
(i) Compreszsed gas
{ii) Cryogenic storage
{iii) Mctal Hydride Storage

B: On- lene
{iv) Hethanol reformer
{v) Aluminus corrosion
{vi) ALWATT cell

Details of the abhove hydrogen storage/on-line generation
mnethods are provided in Appendix-1. Ammonia and hydrazine
based methods of hydrogen generation were not considered
beceuse of corrosion and catalyst poison problems.

V. ANALYSIS
{a) Conditions of compacimons end forrat of cesults:

Comparison of different techniques (Table-2,2) for the storage
and/or on-line generation and delivery of 696 ml/min (STP) of
hydrogen for | year is uade at an ocean depth of 0-10,000
wetlers. For each of the schemses, the following comparisons
are made:




(i) The relative hydrogen contents on a weight as well
as volume basis. These values exclude Lhe weight and
volume of the pressure hull, where nceded.

(ii) The issuce, whethesr a pressure-hu:]l would be
required or not is addressed.

{iii) The relative costs of the differentl schemes for
the stornge/generatl ion of hydrogen are presented. The
cosls exclude pressure-hult cost,.

We submit that the pressure-hull weigint, volume and cost are
marine structural engineering issues and should be addressecd
separately.

VI. RESULTS AND CONCLUSIONS

Table-2 gives a comparison of voluase and weight requirements
for hydrogen storage/generation zliernatives. The values refer
to storage on land and exclude pr-ssure hull contributions.

{a] Relative ranking of methode of hyircgen
storage/production:

From table-2 and table 3 th: tolilowing relative ranking of the
hydrogen storage/produztion methods is d¢duced:

Mejght (%) hydrogen: Cryogenic storage = Methanol

reforming > Aluminua corrosion > Calcium hydride >
ALWATT >Transitior metal hydride > Compressed gas

hydrogonicc): Aluminuam corrosion > ALWATT>

Calcxu- hyiride > Methanol reforming > Transition metal
hydride > Cryogenic storage > Comxpressed gas.

Cost (8. kg) includipg fuel and instellation cest. apd
excluding oressure hull cost: Aluminue corrosion ¢

ALWATT < Cryogenic stoirane ¢ Compressed gas < Calcium
hydride = Nethanol reforeing ¢ Transition metal hydride

Rav_paterial copt (8/kg! excluding instellation snd
pressure hull coet: Cryorenic hydromen = Hethanol
reforming < Aluminum corrosion < Compressed gas < ALWATT
< Calcium hydride < Transition setal hydride

Detajls of the chemistry and associated discussion for
assessing the cost ere prowented in Appendix-1i.
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{b) Preferred method:

The estimated weight and volume of hydrogen for the 75 watt, 1
sear-service fuel cell is 366kl (STP) or 32.7kg as mentioned
in (1V). From economics and safcly points of view, an on-line
grneration method that does not requite a pressure hull is
preferred.

Th~ following on-line hydrogen gencralijon metlhods do not
tequire a  pressure-hull: (i) The ALWATT, (ii) The aluminum
corrosion and {(iii) The hydrolyvsis of calcium hydride. Of
these, the hydrolysis of calcium hydride is the most expensive
process, ALWATT ranks second and nluminum corrosion reaction
is of the lowest cost. All the threc methods are low
temperature processes opersble with sea water. They produce
high purity hydrogen required for SPE-type fuel cell
contemplated by Aquanautics. However, ALWATT is the only
mrthod that produces both hydrogen and electricel energy, and
as such is the method of choice to supplement 25W to make up a
100W 1l-year power source.

Of the on-line hydrogen generation processes that require a
pressure hull, the methanol reformer has lowest fuel cost.
flosever, the process requires heat to evaporate the methanol,
for the generation of steam and Lo support the endothermic
reaction. The waste hcat from the SPE fucl celii may be used
for the evaporation of methanol. Houwever, the process heat and
stenm will have to be gencrated by combustion of methanol. The
combustion process consumes about 10X of oxygen from the
artificicl gill. Also, the carbon monoxide in the hydrogen
stream needs to be lowered to ppa level as it is a poison for
the hydrogen electrode catalyst. However, if a phosphoric acid
fue]l cell or a molten carbonate fuel cell is planned then it
is likely that all the required heat may come from the fuel
cel}l and the hydrogen electrode would be more tolerablie to
higher carbon monoxide jevels from the methanol reformer.
Nonetheless, this procesas is of high cost and increases the
total oxygen demand of an SPE fuel cell.

The transition metal hydride iR coslly en a one-time-use
Lasis. However, the hydrogen absorption/desorption proceszs is
reveraible and the cost of multiplie ume would be lower. The
sethod reguires heat for operation. The waste heat from the
lou temperature fuel cell is insufficient to support thermal
decomposition. Hence is not attractive for the SPE fuel cell.
Also, the method requires a costly pressure-hull housing and
hence is not preferred.



Table-1
BASIS OF HYDROGEN GENERATION METHODS
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Mct hod Storage/production Bnsis
Example/conditions
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Compressed gas High pressure To tonserve
stornge volume
Liquid llydrogen Special vessel Cryogenic
Atirition:1%/day
Methanol CHaCli + Ha0= Steam
COz + 32 reformer
Metal Hydride Caliz 42H20= Reaction with
Ca(OH)2+2H2 water
FeTilz + leat Thermal
FeTilla +x/2H2 decoaposition
Metal Al¢alkali/salt water Corrosion

= Al salt + H2

Al ¢+ seawater = Voltaic cell
Al(OHl )y + Electricity
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ALTERNATIVES
"""" PRODUCTION METHED  HYDROGEN CONTENT
Weight % Velume (g/cc)
" 1) Compressed gas (a) 1.5 0.018
2) Cryocgonic Storage (a) 12.5 0.071
3} Calcium Hydride (b) 9.6 0.163
4) FeTiHz (a) 1.8 0.096
5) Methanol Reforming (b) 12.5 0.159
6) Aluminum Corrosion (a) 10.3 06.279
7) ALWATT Cell (a) 9.8 0.264
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a) Reference 2.
b) Alupowver estimate.




Tabie-1

TECHNOECONOMIC COMPARISON OF DEFP OCEAN HYDROGEN PRODUCTION

e i s e - M o e e G cm e e A Ah e A M e A e e e 4 am Mk o e ML M L MR W S PR e R e W e e W W e - =

STORAGE/PRCGDUCTION GN-LAND COSTS DEEP OCEAN COSTS
SCHEME RYDROUEN INVESTMERT PRESSURE HUuLL
($/kg)

Compireased Gas 10 (o} 12,000 (b)) Yecs
Cryogenic Storage 6 (a) 16,000 (L) Ves
Calcium il dride (c) 243 - No

FeTiH:z (d) 700 - Yes
Methanol Reforming 2 (e) 8000 (f) Yes
Aluminua Corrosion (g) 30 - No

ALWATT Cell (g) 214 - No

- A mm e e n Em . Wm T ER MR L AR R R SR SR R W MR TR TP W MR R e e e e Me W wn N WS WP T m Wm G e s % e GG G ME ES G W Wb

{a) Commercial gquote

{(b) Annual rental cost of ground storage system

(c) Alupower estimate based on bulk cost of $23/kg.
{(d}! Reference 2.

(e) Alupover estimate based on § 0.20/k2 methanol
(f) Reference 4

(g) Alupower estimate based on internal costing.

\1C
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APPENDIX-1

J. _High pressure storage of hydrogen gas: This method of
hvdrogen gas storage is common where a trelntively smnll
quantities of hydrogen it required. VPortnble cylinders of
hydrogen stored at 2400psi are used for laboratory purposes.
t‘ompresaeed gas cylinders (158-200 atms) are used in the larger
scale distribution of fgaseous hydrogen. As secen form Table-2
compressed gas hydroden cylinders has the lowest hydrogen
contenl both graviamctrically and volumetrically .,

{ij) Cryogenic storage of jjquid hydrogen: This is the
preferred technelogy when large quantitics of hydrogen must be
stored or transported over long distances on land. This is
probably the cheapest hydrogen storadge alternative and the
system hydrogen content is higher than Alwatt on a weight
basis as zeen from Table -2. The weight of cryogenic container
for the Aquanautics annual requirement of hyvdrogen is
estimated to be 260Kg. Although, this weight is less than that
of ALWATT cell (400kg), the cryogenic container must be housed
in pressure hull for a deep ocean application. The pressure
hull adds to system weight, volume, cost and complexity,

Also, there is additional penalty of about 1% evaporative loss
per day in cryogenic storage of hydrogen and associated safety
concerns. These issues render cryogenic hydrogen storage
unattractive for Aquanautics use,

{iii] Netal hydride storame:
{a) Calcium Hydride: This is used as a reducing agent in the

chemical industry. it has also been used as a source of
hivdrogen to fill reconnaissance and weather balloons. As
indicated in Table-1, Callz reacts with water to produce
hydrogen and calcium hydroxide and the reaction can be used
for on-line production of hydregen. Like Alwatt, since the
reaction involves sea water the calcium hyvdride storage would
be an open system and no pressure hull wvould be required. For
the Aquanautics annual regujirement the weight of calcium
hydride is estimated as 350 kg (based on 100X utjlization) as
compared to 400 kg for Alwatt. The corresponding volume of
calciuve hydride would be about 200 liters excluding the volume
of the container. The system is relativaly simple, howeve;, at
$23/kg of Callz the cost of H; generation ia $243/kg of
hydrogen compared to the Alwatt cost of $214/keg.

‘ ides: The principal of this method is
that severs! metal, alloya and intermetallics absorb hydrogen
under pressure forming the corresponding setal hydride and
release the hydrogen wien required on heating and lowaring the
pressure. The process is reversible and the aver\ge cost
becomes l+8s during multiple cycle use.




On a volumetric basis this method is superior to Lhe cryogenic
method but has considerable disadvantnge on weight basis
hecnuse of the weight of Lhe associnted metal. Heat and/or
pressure swing is required for hydrogen generation. The waste
heat from the SPE fuel cell is nobl suflficient. to provide Lhe
process heat.. It will have Lo supplemented by electric henling
syslem or other by olther means., This is n disadvanlage of
transition metal hydride method for Aquannutics use.

(iv) Methanol reformer: On a gravamelric as well ns volumetric
basis there are dislincl advantages of storing hydrogen in
combination with other compounds (e.g. NH3, CO + 2H2 --->
CH3OH). It would be chenper to transport methanol than liquid
hydrogen or mectal hydride. However, Lhe methanol reformer is
"good for a molten carbonate fuel cell and suffers from the
following disadvantages for Aquanautics SPE fuel cell use:

{i) For an on-linec delivery of hydrogen at a depth of
10,000 meters the melhanol reformer will have to be in a

pressure hull.,

(ii) The capital investment for the reformer plant alone
to mcet. the Aqunnaulics requirement is estimated to be
$8000 based on mid-79 methane reformer plant costs. SPE
fuel ccll does not gencrate sufficient heat to generate
steam nand to operante Lhe reformer., This heat requirement
will have to be met with by methanol combustion using
oxygen from the Agquanautics-gill source. This oxygen
require. nt is estimated Lo be nbouL 10% of the oxygen

consumed by the fuel cell.

(iii) The hydrogen produced by methanol reformer
contains trace C0O, which is a poison for the fuel cell
catalyst. The hydrogen from the reformer has to be
purified.

{v) Aluminum Corrosion: 1In previous work, we have developed na
hydrogen generator based on aluminum corrosion in the presence
of alknli. We are in the process of developing a hydrogen
gnnnrnto' based on snll waler. As 18g of aluminum would
produce 22.4 Jiters (STP) hydrogen tn n simple rcaction wilh
salt water, tLhis is an attraclive appronch to on-line hydrogen
goneration. This method does nol require a pressure hull
enclosure. However, the procedure fs nol fully developed and
does not generate the supplemental elecctrical power as ALWATT

cell,

'3
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{vij ALWATT hydrogen generator: A completc Alwall gencrator to
mret Lhe Aguanaulics 1z demand nt 0 deg ¢ and 1000 atlm. would
weigh approximately 400 kd and have a voluke of 180 liters,
fithese values include 20% shunt correction). The cost of the
gencrator as shown in the Lable doers not include the cost of
hydrogen recovery form the electrolste and the associated
pumping costs involved., We presume that pumping cost could be
minimized by diverting thr outlel stream from the oxygen
concentrator into the ALWATT cell.

13
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ALWATT HYDROGEN GENERATOR POWER STUDY
AQUANAUTICS FUEL CELL

Shailesh Shah and B.N.L. Rao
Alupower Inc, 6 Claremont Road, Bernardsville, Nj 07924

I. INTRODUCTION

This is a computer modeling study of the relationship betwecen
prower gencrated and Lhe ALWATI'M system size, weight,
operating depth and temperaturc. 1l is carried out to optimize
the volumetric and gravimetric power densities of ALWATT at
operating conditions varying from 0-10,000 meters ocean depth
and 0-20 deg (. Specifically, the modeling is carried out for
an ALWATT cell capable of delivering 25 watts tcgether with a
hydrogen production rate of 696 mi/min for l-year as per
Aquanautics directive {1}.

I1I. POWER STUDY

Modeling of & parallel plate Alwatt cell that is open to seca
wvater was done to determine the peak power densities with
respect to weight and volume. The theoretical approach used
is discussed below. The key data used weire nbtained from
literature and laboratory results. They are discussed in
Appendix-I.

(i) Optimization with respect to volume:

The pover per unit volume obtained from an Alwatt battery is
given as:

‘FD = {(E - IRL;}
where,

VPD = ¥olumetric Power Density (wW/1)

o
-

i ®ASHN BV -momo-eoene- (i)

E = Alwatt cell ENF (volts)
IRL = IR lcoss (volts)

i z Current Density {(A/ce”2)
A = Cell Arca {(ca”2)

N = No of cells

1Y t Battery voluse (1)

Based on the equilibrium and kinetic equations for the
hyvdrogen and alusinum half cells presented in the previous
report {2) the relationship between the ALWATT emf and current
density is derived fin eq.-12):

16




’euf*
E = 1.2542.303RT/F‘(0.06T-19.6—pu-log(i’)-l/ﬁ‘(log(?))) -(2) =
where,

T

Cell Temperature,{ deg K)

F = 96500 coul/ey,
pH = Electrolyte pil next to the hydrogen electrode,
p = Pressure (atm.)

The IR loss (IRL) encountered in the electrolytle gap ig given
ns

L = i*R(T)®G-—--m-m o PP (2)
where,

R(T)= Electrolyte resistivity at temperature T (ohma-cm)
G z Cell Gap (cm)

The Battery volume can be calculated as:
BV = (Alth + G) # A ¢ N ~-cmmmmmemr e et e {4)

where,
Alth= Aluminum thickness (cm)

Substituting equations (2), (3) and (4) in equation (1) we

obtain:
VPD = [(1.25 + 2.30) RT/F ¢ (0.06T - 19.6 -pH - logl(i?) - 1/2
log(P) - i # RIT) $ G } ¢ i | /| Alth + G ) eees (5)

A eraphical solution of the above equalion was sought and
curves of power density versus current density were generated
for different combinations of temperatures, pressures and
initial and final (after discharge) cell gaps. These curves
are presented in Figures 1 to 6.

For an ALWATT battery aluminum contributes to almost 95X of
the total weight of the battery. The variation in the
aluminum capacity (AH/g} 1s too small to have any incidence on
the maximization of power with respect to weight. The
variation in gravimetric power density (GPD) is shown by the
following equation:

GPD Power/weight

{(Cell E.N.F. )}*(ALUNINUN CAPACITY)/(CELL ENDURANCE) ..(€)

(1 I}
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I11. RESULTS AND DISCUSSION
12 v .
of varjatio [+) :

Figure-1 and Figure-2 illustrate the varintion of VPL of the
ALWATT cell with initial gap (0.1 to 0.5cm) operating at 202C,
] atmosphere and 0°C and 1000 atmosphere (atm). Figure-! shows
that the peak power density drops from 248 W/kl at 0.5 mA/cm”2
Lo 205 W/K]1 at 1.5 mA/cm”™2 when the initial cell gap iucreases
from 0.1 cm to 0.5 ¢m at 20C, 1 atm. Similar effect of
lowering of the power densitly with increasing initial gap is
noted in Figure-2 for the low temperature and high pressure
conditions.

i{b) Effect of veristion of temperature and pressure

Figure 3 and Figure-4 show that the VPD maximum occurs at 0.5
®A/cm”2 and 0.1 ca initial gap and is independent of
temperature and pressure. However, the value of the maximum
changes from 248 W/kl to 239 W/kl as the temperature decreases
from 20° C to 0°C at 1 atm. (Figure-3). Similar results are
obtained for the temperature dependence at operating pressures
of 1000 atm. (Figure-4).

w v

The discussion that follows is for an ALWATT battery at its
initial cell gap of 0.1 cm. It is jimpeortant to realize that at
0.5 cm? the aluminum ancde thickness is about 1.1 cm and as
the aluminum is consumed during cell discharge the electralyte
gap increasee form O.lca to 1.1 cm at the end for 90%
utilization {external current ¢ corrosion) of the anode. This
increase in the gap with depth of discharge affects the
saximum power that can be drawn, since the IR loss increases.
The VPD dependence on current density at the end of discharge
is shown in Figure-6 for cella with 0.1 cm initial gap. The
results show that the peak pover density remains at 0.5 mA/cw?
at the end of diacharge and is independent of the temperaturc
and pressure of operation.

The VPD of the cell is more asensitive teo current density than
the GPD. Therefore, it is appropriate to design the ALWATT
cell based ¢« * the volumettric peak pover and deduce the
corresponding gravimetric power. For the conditions of
saxiaum VPD discussed above, the gravimetric power density is
0.06 W/kg.




C. EN Y Y

The projected enerdy densitics for a 25W, l-year ALWATT cell
operating at 0.5 mA/cm? and 0.1 cm initial gap, and for 0OC,
1000 atm. conditions are 770WH/kg and 1796 WH/1 based on
initial conditions. Energy densities at the end of discharge
are slightly lower (701 WH/kg and 1734 Wii/1) due to increased
gap from anode dissolution and conscquential increase in IR
loss.

. GN

An example of a 6V, 25W, l-vear service battery incorporating
shunt-loss ccapensation (three additional cells and
shunt-fins) is presented in Appendix-11. The shunt-loss
compensation used is based on other experiments has not been
optimized for the ALWATT of this astudy. In compariscn to the
cell, the battery is about 25-30% lower in VPD, GPD and the
energy density (Table-1) due to the method shunt-loss
compensation used.

V. USIONS

(i) Maximum volumetric power for an ALWATT cell is obtained if
the design is based on an operating current density of 0.5
mA/cm”2, and 0.1 cm initial gap, irrespective of the
temperature or depth of operation. Under these conditions, the
anode thickness is about 1.1 cm for 25W l-year service.

(i) The operating conditions in (i) results in high energy
density.

(iv) The numericsi results for the cell and battery parameters
at the end of discharge are of interest in assessing the
ALWATT capability. This is sumaarized in Table-l.




TABLE-1

MAXIMUM POWER AND ENERGY DENSITIES AT END OF DI1SCHARGE
(1000 atm, UC)

- am em e em E Em T A R e A E W W R MR e Y e YR WP ML WB A W TR Ae A e W s W

Paramcter Celi Battery (*)
W/kl 198 138
W/kg 0.08 0.06
Wii/Kg 70! 534
WH/1 1734 1207

- - ., W S S G AR R R G s R D D TS SR R A AR WD W W TR TR ER Y R R G W A0 D R W e s

{(*) Not optimized for shunt-lcas coepensation.

VI. REFERERCES
1. Discussions with Dr. Sam MHohanta

2. B.M.L. Rao and W. Hallicep, 'Study of #Hydrogen and Power
Generation Characteristics of The ALWATT Uaderwater System’,
Submitted to Aquanautics Co, Dec 24, 1988.
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Figure-1

POWER/VOLUME Vs CURRENT DENSITY

1 ATWOSPHERE, 263 deg K
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Figure-2

POWER/VOLUME Vs CURRENT DENSITY
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Figure-3

POWER/VOLUME Vs CURRENT DENSITY

0.1 cm GAP, 1 ATNUSPHERR
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Figure-4

POWER/VOLUME Vs CURRENT DENSITY

0.1 cm OAP, 1000 ATNOSPHERB
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Figure-5

POWER/VOLUME Vs CURRENT DENSITY

1 ATM, 203 deg K, 0.1 cm INITIAL GAP
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Figure-6

POWER/VOLUME Vs CUKRENT DENSITY

1000 AT, 270 deg K, 0.1 cm INITIAL GAP
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APPENDIX I
The followving information was used in the optimization study
(i) Alumsinua density -~--v-c--c---w- = 2.7 g/cc
(11) Aluminua Capacity --<=<---c=--vec-u-- = 1.5 AH/¢
(value based on cxperimental results)
(iii) Aluminum half cell voltage ------z= -1.25 vs NIIK

An discussed in the previous report the hnif cell potentinl
Aluminum dJocs not change significantly with the applied
current over four decndes from 0.1 mA/em™2 to 100 mA/cwm™ 2,

Thus Far12 -1.25 ¥V ve NHE and is assumed Lo be independent of
swresaure nnd temperature in the region of Alwatll cell
operation.

(iv) Alwatt exchange current density ---Log (io)= 0.03T7-9.8

The above dependence of exchange current density on

temperature was derived from literature data where

T is in deg

h and jo is given in mA/ca? . The pressure dependence of
exchange currentl has been ignored because of uncertainty in

literature data.

(v) Electrolyte pH-~-----o-c-v-mcmcmvnccnnee

--= 10

The electrolyte pH next to the hydrogen electrode has been
found to be equal to 10 duc to the high concenlration of OMW-

ions there.

{vi) Electrolyte Reristivity:

were obtained froma literature:

ge ¢ = 38.34 ohm-co
100 € = 28.78 ohe-cn
20 © = 24.85 ohma-cm

n
LY
Vi
1
d
[
n
"

The pressure dependence of the ionic cvonduztivity has been

neglected.
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APPENDIX~1%
CONCEPTUAL_DESIGN QF A_6_ VOLT ALWATT BATTYERY:

The following is &n example of A § volt Alwatt battery capable
of delivering 696 m!/min of byvdrogen and 25 watts for 1 year.
The design parameters including the shunt-loss compensation
for the cell at the end of discharge are as follows:

i)} Pesk power densily at ™ C, 1000 ata,(Fig-6}--- 198 w/ki
2) Corresponding Current Density  ~-----cc-u--- 0.5 mA/ca?l

3) Aluminum thicknesg ----cccccmmecmmc e 1.08 ¢m
(0.0005 [A/cm? }#8760 [K]))/(1.5 [AH/g)%2.7(g/cc])

4a) Number of Cells before shunt compensation -- 13 cells
{ 6 {volts])/ .465 [(volts/cell} )

4b) Number of Celis with shunt compensetion -- 16 cells
$) Initial cell gap -----------cemcrcr e e e 0.1 cm

6) Final cell gap -----------=m-eccemrec e 1.07 cm
7) Current ----------c---r-eccer ceemeemce o 4.17 amps

{ 25 {watts]/( 6 [volts}))

8a) Cell area at 0.5 mA/cwi?, (130%64.2 cm?) ---- 8340 cm?

8a) Cell area (130%72 c=m? with shunt fins) ----- 9360 cm?

9) Battery Volume with shunt compensation -------- 181.4 1}

{ 9360cm? j*(1.18(cm}%16cells]}+ 0.5(cm,end plate thicknessl])

10) Battery weight e ke re—mm——— 410 ke
{8340cow?¢].08cm*2.7g/cc®*l6cells /0.95)

. . - ] ol i _ Lo S .
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FINAL REPORT

FABRICATION OF AQUANAUTICS' GILL MEMBRANE MODULE
P.0. #1360

The attached SECTIONS A - B - C constitute the entire Final Report representing

the conclusion of Aquanautics' P. 0. 1360.

SECTION A consists of Design Methodologies associated with fabrication procedures
for the Artificial Gills. Both Gill Asseably and Potting procedusrss sre descridb-
ed in Section A. All eight agreed upon Membrane Cartridges were fabricated per
the design specifications shown. These Gill Cartridges contained 2.5 square
oeters and 1.0 square meters respectively, with the exception that two of the
plasma coated units of Design #1 ended up approximately 5% less in total surface

area.

SECTION B details the assumptions vhich go into a proprietary AMI Computer Model
for commercial production scale, rough order of magnitude, price estimates.
Using the coating method for AMT's Artificial Gill Membrane and autowmated
assexbly equipment for the Cartridges yields pricing estimates as shovn in
Section B. This Model also forms an integral part of the basis for development

plans and projected developzent costs for Sectiom C.

SECTION C detzils the overall developzment strategic objectives for scaling up
Hembrace Cartridge manufacturing under a world class manufacturing prograam, as
well as the how-to's and tools needed to pur such a prograe and facility into
place over five years. Much of this framevork is borrowed from Arthur Yourg and

Company's National Director of Manufacturing Consulting Group, Thomas B. Gunn.

ANT has selectively incorporated Arthur Youag and Company's recocmendations
witich AMT believes to be relevant to getting its facilities of today up to pro-
duction voluzes suggested by Aquanautics - five vears cut. The largest costs
are associated with capital equipment. Furthereore, the assumptions detailed in

Section B are coasiderad to form an intagral! part of Section C.
B P




SECTION A

DESIGN METHODOLOGY FOR

MEMBRANE CARTRIDGE FABRICATION




MEMBRANE CARTRIDGE FABRICATION

The mecbrane cartridges were designed as a compromise between the desires of
Aquanautics Corporation and the limitations of the available fabrication equip-

zent. The outually agreed upon design paraseters are listed below:

DESIGN PARAMETERS FOR THE MEMBRANE CARTRIDGES:

Design Paraceters Design #1 Design =2
Fiber outer diameter 290 microns 290 microns
Length of Fibers 0.256 0.25 =
Thickness of Fiber Bed 254 = 25,46 =
Breadth of Fiber Bed 89 = 89 =
Inter-Fiber spacing 1.56 X 0D 2.5X 0D

Total Surface Area Fibers 2.5 sq. meters 1.0 sq. =eters

The mexbrane cartridges are designed to be of a cross flow design. Therefore
the center section of each cartridge is open to allow fluid flow through the
cartridge perpendicular to the fibers. The structurc of the carsridges is
illustrated in the attached drawing.

The fiber bundles were fabricated on a modified LaBlond =metal turning lathe to
provide control of the inter-fiber spacing. A fiber guide pulley was attached
to the tool carriage and the screv thread cutting gears were engaged sc that the
tocl carriage wouid move relative to the rotation of the chuck. The proper
gears vere engaged to give the desired fiber spacing. The setting of 56 turns
per inch was used to achieve the fiber spacing factor of 1.56 X QD and 36 turns
per inch was used for the fiber spacing factor of 2.5 X OD. A DC ocotor with
speed controller vas used to turn the lathe's chuck so that precise control of
rotational speed could be maintained.

The fiber could not be pulled onto the wvinding fixture directly since the f{iber
tension needs to be carefully controlied. AMT's custom unwind stand wvas used
to achieve uniforn and centrolled fiber tension. This fixure consisted of a
series of pulleys and dancer arms through which the fiber was threaded. One
dancer arm had 2 proximity sensor that sensed the position of the arm. The
output of this sensor wvas used to control the speed of a stepper cotor attach-
ed to the speol of fiber. The controls are sel so that as fiber tension
increases the unwind rate increases to decrease tension., AMT's fixture allowed
the tension of the fibers to be controlled to levels of between 3 and 5 grams.

The winding fixture was designed to wind tvo cartridges at a time. The fibers
are wound directly into the framevork of the modules. The side rails and back-
side crosszembers are solvent bonded together tc form an open U shaped channel.

is framevork is counted onto a plate. Two of these plates are mounted back to
back on a shait held hetween the chuck and tailsteck of the lathe. This shaftr
has 3 pulley attached that is driven by a I motor.




The thread cutting feature on the lathe is used to control the spacing between
fibers as each layer of fiber is wound. The spacing between each laver of

ibers is controlled through the use of plastic spacers with pressure sensitive
adhesive that also giue the fibers in place. These spacers are used on each end
of the zodule and also on the two inter=ediate crossbars. The combination of
the adhesive thickness and plastic material thickress yields the required inter-
fiber spacing. At the ends of the cartridge the adhesive strips mount onto an
sluminua strip with long screws. The strips are die cut with holes located to
fit over these screws, These aluminum strips have short legs that index off of
the end of the cartridge framework. This arrangement keeps the fibers located
properly and under the proper temsion when the cartridge is removed from the
irame fol potiing.

The winding of the cartridge is accomplished by positioning the tool carriage
so that the guide pullev is located at one side of the cartridge fraze. The
double sided adhesive strips are placed at the four locations (two ends and two
in the middle} of each cartridge. The fiber is threaded through the unwind
fixture and taped to the winding fixture. The DC motor {s turned on slowly and
the fixture is tutned the proper number of turns to form one laver. Turns zre
counted with the use of a electrenic counter that is activated by a caz and
switch on the winding shaft. As the winding fixture turns the tool carriage
traverses and the fiber is spaced out across the width of the cartridge. Wwhen
a cooplete layer 1s formed, the winding is stopped and a layer of adhesive strips
is put over the fibers in the four places mentioned above. The feed direction
of the tool carriage is reversed and the next laver of fiber is wound. Since
the gear train of the lathe has some backlash, the tool carriage does not stare
to traverse until the winding fixture has turned approxizately one half revolu-
tion. This delay in starting the traverse back across the cartridge provides
an offset in the fiber spacing betveen lavers so that the fibers are staggered
vhen vieving the fiber bundle front to back. This process is repeated over and
over until the required number of layers is formed.

When the fiber bundle is foreed, aluminum strips are placed on each end of the
cartridges so that the adhesive strips are sandwiched betwveen it and the bottem
aluninun strip. The remaining pieces of the cartridge framevork are bended in
place and thenr the fibers on each end are cut so that the two cartridges are
independent. The cartridges are then removed for potting.




MODULE POTTING OUTLINE

This process outline applies to:
A. Potting of two codules at once.

B. Application of the 50 inch spinner are.

PROCEDURE:

1. Inspect potting boats. Make sure that they are clean and intact.
Replace if necessarv.

2. Dip seal the fiber bundle with silicore RTV. This prevents the
polyurethane from flowing into and plugging the fibers.

3. Appl

y 3 thin layer of silicone grease around the end of the module
and ins in

ert it into ibhe boat.
4. Screw a 10-32 x 1/8" barbed uylon elbow into the side of the boat.

5. Solvent bond two inches of 5/32"1D x 1/4" 0D PVC tubing to one end
of a three inch piece of 1/4" ID x 3/8" OD PVC tubing using cvclo-
hexanore. To the other end, solvent bond a piece of 3/8" ID x 1/4"
0D PVC tubing equal in length to the potting station distance on the
spinner are. Cut a small notch in the 3/8" OD tubing near the end
bonded to the longer piece. This will allow air to escape from the
line vhen glue {5 injected 4into the module. (Alternmately, provide
an overflow tube to the boat and utilize 5/32" ID x 1/4" 0D PVC
tubing for the entire tubing system).

6. Preheat the spinner machire by turning on the fan and setting the
heater element at 175°F.

7. Secure the module and the tubing in the spinner are chamnel with
Aluminum Angie and Bunge cords. Two modules sust always be spun at
the same tize. This will insure proper balancing of the system.

8. \Next, prepare the polyurethane resin.

The recipe calls for 354 Polycin 942 and 46X Vorite 68%.
For one module end, wix 86.4 grams of Polycin 542 with 73.6 grams
of Vorite 689 in a 600 wl plastic beaker.

For tvo modules, mix 86.4 grams of Polycin 942 with 73.6 grems of
Vorite 689 ian two 500 ml plastic beakers. Each wedule end shouid
require about 80X to 90 of the resin to be properly fiiled. Mix
thoroughly with s tongue depressor and degas the mixture in a
vacuuk dessicator under 29+ in Hg until bubbling ceases.




9. Cut a three inch piece of copper tubing with a tubing cutter and
bend it to about a 120° angle. Fit the tubing onto the luer tip of
a 20 cc svringe.

10. Pull the plunger and pour the degassed resin into the svringe while
holding vour finger over the end of the copper tubing. Re-insert
the plunger and flip the svringe upright. Expel air froo the
syringe by depressing the plunger. (Steps 9 and 10 may be elimina-
ted if vou utilize 3an overflow tube).

s
[
.

Start the spinner anmd adjust RKPM so that the zodule end has an
acceleration of at least 150 3z (Table 1). RPM can be checked with
the strobe. The temperature in the spinner should be between 110°-
115°F. Inject the resin into the top notch of the resin Jdistribuser
in seall volumes across a 3 to 5 minute spar. It takes a small
arount of time for the resin to evenly distribute around the fibers,
and adding =ultiple small volu=mes will help prevent over-filling the
zodule. The resin level car be conitored by observing the fill
level in the clear resim addition tube. Imject resin into the
bottom notch of the resin distributer and £ill the second module in
the same manner.

12. Fill in the module tvpe, the starting temperature, the RP¥'s, and the
starting tize in the Log Book.

13. Continue to spin the modules for 90 minutes at 110° - J15°F to allow
the resin to set.

14, Fill {n ending tire and teamperature in the log Book.

15. Remove the module from the spinner arm and alliow the resin to set for
30 =inutes at roon temperature. Then remove the potting elbow from
the boat and twist the boat oif the-wodule.

16, wWith the band saw, sav the end of the module off just below the
score ltine. (l.5== froz the end) Make sure this step is done within
1 hour froe the end of potting.

17. Cut through the polvurethane in one smooth cut with & razer blade.

18. Check the cut end of the module under the microscope to verify that
the fibers are open properlvy.

19, Allewv the urethane to set for 48 hours at room temperature or four
Mmee =e &N%C The module is now ready for sealimg on {ts endcaps
and ther for lezk testing.




TABLE ONE
Rpon's required to attain 150g at each potting station along
the 50 inch spiaper arm:

‘V. “2

For max. = 730 rpm (12.2 rps)

w = 76.3/sec
wi=5826/gec?

R (in) Rpm
11 683
13 638
15 394
17 558
19 527
21 502
e3 €78




SECTION B

PRICE ESTIMATES FOR PRODUCTION SCALE CARTRIDGES




ASSUMPTIONS INPUT SECTION Year 1 Year 2 Year 3 Year & Year 35

Funding
Funding Provided for Venture

Sale Demand {Equal to Venture Output)
AMT

Property and Equipment Related
Property & Equipaent inflation Factor
Number of Cecating Machines
Coating Machine Cost
Capacity (sq.fr.per shift)
Capacity Discount Faccor
Coating Methed 1

Number of Bundling Machines

Bundling Machine Cost

Other Equip=ent Additions

Kumber of Machine Shifts

Required Warehouse Space Per Machine
(sq.ft)

Cost of Warehouse Space (per sq.ft)

Leasehold Improvement Additions

Usefull Life of Equipment (years)

Operating Costs Related

Operating Costs Inflation Factor

Fiber Cost

Average Fiber Inventory

Costing Costs (per sq.ft.)
Coating Method 1

Coating Mix
Coating Method 1

crap Factor

Preduction Cost Markup (per sg.ft.)

Encapsulating Cost (per sq.ft.)
Method 1

Encapsulating Mix

Kethod 1
Geilicies (Porportions) w/# of Machines)
Gases (Per shift)



WAGES AND EMPLOYEE BENEFITS Year 1

Year 2

Year 3

Year &

Year

5

Day Shift
Operator #1
Operator #2
Operator #3 (When Coating Machines)=6)
Operazor #4 (When Coating Machines)=§)
Operator ¢5 (When Coating Machines)=10)
Quality Control/Winder
Potter Operator #1
Potter Operator #2 (When Bundler)=Z
Potter Operator #3 (When Bundler)=3
Materials Handler
Plant Manager
Quality Control/Winder

Night Shife
Percentage of Day Shift Coating Operators

Employee Benefits & Payroll Taxes {(Adde'l)

Insurance (Porporticnal w/# of Machines)
Supplies {Porportional w/# of Machines)

NMiscellaneous (Porportional w/# of Machines)

General ard Adepinistrative Cost Relsted
General & Administrative Costs Inflation Factor
Oifice Space Requirements (sq.ft.)

Office Space Cost (per sq.ft.)
Utilities
Wagee & Employee Benefics
Offire Nanager
0ffice
Esplovee Benefits & Payroll Taxes (add'i)
Telephoue
Travel
Professional Servicas
Marnage=ent Fees
Kiscellaneous

Other Assupptions
Average Accounts Receivable Days
Average Accounts Payable Days




CALCULATIONS SECTION (no input reguired)

Year 1

Year

2

-

Year 3

Year

4

Year 5

Total Funding

Sales
Sales Volume (sq.ft.fiber)
AXT

Sales Dollars
AMT

Filar Cost Per Sq. Fr.
Average Production Cost Per Sq. Frt.
Average Profit Per Sq. Ft.
Average Selling Price Per Sq. Ft.
Property and Equipment Related
Property and Equipment (AT Cost)
Coating Machines

Bundling Machines
Other Equipment

Production Capacity (sq.ft)

Operating and G&A Cost Related
Leased Space ~ Production
- Office
Purchased Fiber (dollars)
Coating Costs
Ercapsulating Costs
Gases
Yages ¢ Exployee Benefits - Production
- Office




CAPITAL EQUIPMENT REQUIREMENTS

YEAR 1 YEAR 2 YEAR 3 YEAR & YEAR 5
(4903 K sq.ft) (2 ¥ sq.ft) (7§ MM sg.ft) (15 ¥ sq.fe) (20 MM sqg.it

CAPITAL EQUIPMENT
INVESIMENT $ 1,215,000 5,100,000 16,250,000 27,600,000 31,300,000

PRICE/SQ. FT. $.57 .16 6.90 5.
(Module basis)

5.00

(453
o




SEITION (€

DEVELGPMENT PLAN FOR JCALING UP

GILL CARTRIDGE MANUFACTURING




1. MANUFACTURIXNG SCALE-UP:

Strategic objectives: World class manufacturing facility/program scale-up
to 20 MM ftzlannum by implementing CAD, CAE, GT and
CAD to CAM linkage, by improving product prograc

nanagewment, by concurrent product and process
engineering, by designing for (flexible) manufactura~-
bility, and by ioplecenting standardized design pro-

cedures. - World Class Mig. progra= -

Ounce the organization is put in place tn administer
implementation of the world class manufacturing prograrz,
it will be necessary to track and contrcl the program
iopiezentation viz project managecent software. There
are many suitable personal computer-based project
management control systems. It is essential that the
softvare systems be tapable of easily and gquickily
highlighting che critical path in the overall pregram

at any given peint. (74zn shift” is a highiy recommend-

ed package}.

STAGES

Initial

I. The inirial]l stage {current-yr 1) cam be characterized as followvs: reduction
set ups are exceedinalv long - zany hours iz fact for both membrane and

cartridge production.

- hanuglized raw material and work in process invenlorw turns would emount

. to less than &.

- Operations inefficiencies incliude invesotory duifers, lovsely Couplied
production, and excessive slack.

- Supplier imvolvement is present particulariy for conceprsal susle-up

not on the clicse basiy seeded lonmg é¥w.  Lillls

sinkage 2t present to other suppiiers, pliastics, Tesins, melals, eic.
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Equipment preventive caintenance progranm needs to be installed -

currently "fix it wher it breaks™ prevails.

Total quality control program conceptually aware, but tools need to be put

into place to implement same.

-

The computing environment is batch. Many paper reports but little timely

feedback cn operationms.

Computing equipzent is spotty. A few personal computers, and a few soft-

ware packages.
DataBase Managewent Svsteos and DATA processing capability are weak.

CAD/CAE Systez use is not in place. Geozetric part data on the drawings
in both manual and computer eodes. Part drawing still master part

definjtion, ie. not integrated with business systegs.

Factory local netvorks data - collected oa shop floor. No CNC controlled

production equ’-~ment connected vet.

All quality costs really not reasured, probably 30%1. NXeed to reccgrize
necessity of four Feigenbaum Model costs - prevention

- appraisal

- intermal

- external
Limited incomiug sazple inspections and zaterial review cocmittees

utilized.
Preventive maintenance education needed.

Product and Process Design involvement as well as knowledge of TQC is very
little. Education lacking in SQC, Taguchi Methods, and Quality Function

Deployment.

Role of Technology in attaining quality is primarily limited to mechanical
gauvges, dve testing, visval inspections and test fixtures, but some
initial use of compulers and software - driven process control/quaiity
equipment installed. Sofetvare is utilized to capture quality data for
aralysis. Process monifors are programmadie and could dbe readily

automated.




I1.

Years 2 - Years 3

After considering all the how-do's and tools to implement in support of the
panufacturing and business strategies (see appendix A) and a team of
experienced personnel has been assembled into a planning task force, the
specific manufacturing projects need :to be identified, prioritized,

scheduled and cost/benefits summarized. This should be done during Year ome.

Project descriptions of this sort are extremely detailed and beyond the scepe
of this report, but a careful listing of all the assumptions which AMT con-
considers important for world class manufacturing of its membrane cartridges
are contained in the accompanying report dealing with projected rough order
of magnitude product costs. This implementation stage of scale up to world

class manufacturing status will be characterized by:

- Production set ups reducad in pilot attempts by at least 52I.

- Annualized raw material and work-in-process inventory turms move towards
12-15.

—- Operations inefficiences attacked vi2 established progiams in wmany

areas.

- Keyv suppliers involved to the point where inspectionless receiving can

= started with some qualified suppliers.

- Equipcent run at below ratel speeds with workers in charge of light

machine maintenance. Preventive maintenance structurally built in.

- Total Quality Control program implemented, teols in place and integra-

tioa with JIT occuring.

- The computing envirouzeat includes daily batch updates, wvith on line
inquiry status.

- Cezputing equipment preliferated thruout facility including relevant
hardware, applicaticns software, and telecowmmunication networks.

- Database Msnagement Systems and DATA Processing Power (from vork stationms

to MICROS) imst.lled. Utilization of intelligemt processing pover from
mainirames to MILROS to include DBMS and DATA dicticnary use.




CAD Systems used for drafting, and CAD/CAE Systems standardization
emerging. Some CAD/CAE Systems usecd in design and analysis, work cell
device prograzming. EIlectronic geometric part descriptions replace part
draving master part definitions. Technical computer systems integration

with business systems initiated.

Factery local area networks include CNC - controlled production equip-

ment and DNC networks via MAP or proprietary networks atte=pted.

Quality costs fully recognize all four Feigembaum =odel costs. Costs

as a {1 of sales reduced to 15-20%.

Supplier certification for quality permits inspectionless receiving.
Preventive Maintenance Program firmly established. Mschimes run at
or below rated speeds.

Teamwork established between product and process design.

Role of Technology now expanded. Use of CAD/CAE in design, use of
CIM technology and software to compare manufacturing process resulits with

product and process design data.




I11. YEARS 4 - 5

During this firal phase of scale up the Company will progress to fuil
ioplexzentation of JIT, full integration of CIM, and full connection/imple~

zentation of TQC.

- Froduction set ups reduced from original at least by 751, soze areas

as high as 901 - wmany set up in nminutes.

- Annualized raw =aterial and work in process iaventory turms 20-23

overall, 40-50 ir some lines.

- Operations inefficiencies attacked in all programs. reductions wide-

spread.

- 902 of suppliers certified for inspectionless receiving, nusmber of

suppliers reduced to =minimue.

- Preventive maintenance a pecessity of JIT and becoming fully

practised.
Total Quality Control prograrm an equal partnev of CIM and JIT.
- Computing environment on line initeractive with real time updates.

- Cooputer equipzent/electronic links to supplier/custccers fully
established.

- Several DBNS but ome logical integrated DATABASE design with use of a

standardized data dictiomary.

- Geographic and hierarchical dispersion of intelligent processing

power.

I3

- CAD/CAE fully integrated for design and werk cell device progra=m TE.

electrenically linked to bill of materiezl and process/routing (MAP)
and other business sytems.

- Fully integrated factory LAX using latest MAP specification or
proprietary setvork for scheduling, quality, process coatrol,

proventiive maintecance, and material movement.

T Tv Mo T, - R 4 a e . - . ot ) _ . . L - N . - . .
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Quality costs as a 1 of sales raduced to ! - 5%.

Long tern partnerships (sole scurces) established for high quality
suppliers.
Product and process design requires design quality integrated with

TGC.

all employees trainmed in Design for Quality, Taguchi Methods, and
Sqc.

Role of Technolegy (CIM) plays an inseparable role with people

in procoting, =zeasuring and ensuring quality.
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